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ABSTRACT
Intra- and intermolecular hydroxyl groups of starch In the rice 
kernel were randomly crosslinked by three modifying reagents: 
epichlorohydrin! phosphorus oxychloride and sodium trimetaphosphate. 
The naturally present hydrogen bonds reinforced by covalent linkages 
result in marked changes in the swelling behavior of the rice kernel 
and its subsequent resistance to over-cooking during thermal 
processing.
White rice could be crosslinked to the desired extent only 
by epichlorohydrin whereas the parboiled samples were highly reactive 
towards all three crosslinking reagents. This differential behavior 
has been related to the degree of crystallinity in white and parboiled 
rice in conjunction with the molecular weight, size, shape and the 
stability of the crosslinking agents.
When canned under excess liquid conditions (wet pack), 
epichlorohydrin treated white and parboiled rice were found to have 
4.68 and 6.10% solids loss while the white and parboiled control 
samples showed losses of 25.71 and 27.82%, respectively. Parboiled 
samples treated by phosphorus oxychloride and sodium trimetaphosphate 
were found to have 8.24 and 5.15% solids loss. Additional leaching 
during six months storage was between 1.27 - 3.47% in case of cross- 
linked samples whereas the control samples showed leaching between 
7.93 - 10.62%.
viii
Organoleptic evaluation involving color, cohesiveness, flavor, 
and doneness indicated the superiority of modified rice over the control 
samples. Epichlorohydrin appeared to be better than the other cross- 
linking reagents with regards to most canning quality attributes. Even 
under limited moisture canning conditions (dry pack), the modified rice 
was superior to control samples.
Objective and subjective evaluation of five varieties of white 
rice treated with epichlorohydrin showed that the lowest percentage 
solids loss is not necessarily associated with the best quality rice.
In view of the excellent heat-moisture stability and the superior 
organoleptic properties, the modified rice has a tremendous potential 
for commercial incorporation in heat-processed formulations such as 
canned soups. The crosslinking operation is simple and economical. 
Proceeding at room temperature, it involves a minimum amount of 
inexpensive reagents and equipment.
ix
INTRODUCTION
Canning of rice has always been a problem due to the fact that the 
kernel has a tendency to become overcooked because of prolonged heat 
treatment under high pressure. The problem is more severe in presence 
of excess liquid than that in limited moisture. However, in both cases
the resulting product is of very poor quality.
Cooking of rice usually takes about 20-40 minutes depending on the 
type and variety. Careful attention and experience are necessary for 
cooking fluffy, non-sticky and well-tendered rice. Apart from different 
established eating habits, these are probably the main reasons responsible 
for low rice consumption in U.S. homes. However, the recent U.S.D.A. 
Agricultural report (66) shows that the per capita consumption of rice 
has increased from 5 lbs. to about 8 lbs. since 1954. In view of this 
upward trend in domestic consumption, rice has the high potential to
become popular if it can be served on a ready-made basis. The wide
varieties of canned foods in supermarkets attest that U.S. consumers are 
highly oriented towards canned products. Hence successful canning would be 
the best way to promote rice consumption in this country. For similar 
reasons, rice grown and canned in U.S.A. would have a better market in 
neighbouring Canada.
Canning of white rice in limited moisture (dry pack) has 
presented a variety of problems in the past. A principal difficulty has 
been the partial breakdown of kernel structure and formation of a
1
congealed mass of pasty grains when the canned rice was retorted (60).
In the presence of excess liquid (wet pack) the problem is aggravated by 
heavy starch leaching which results in thick matting at the bottom 
of the can. In fact the product hardly has any resemblance with rice.
In the 1960's with the advent of commercial parboiling processes, canning 
of rice became comparatively easier. Parboiled rice is more 
resistant to conventional retorting processes than its white counterpart; 
thus the grain shape was improved. However, heavy starch leaching 
and matting at the bottom of the can could not be prevented. More 
recently with the introduction of agitation retorting, canning of 
parboiled rice became still easier due to improved heat transfer and 
shorter processing requirement. The main limitation of agitation 
retorting is the high cost of equipment while most of the rice canners 
operate on a seasonal basis with limited capital. Parboiled rice itself 
has the drawback because of its slight yellowish color as opposed to the 
brilliant cream color of white rice.
In limited moisture canning, a consumer would expect fluffy, 
non-sticky, well-tendered rice, whereas in semi-liquid media such as 
soups, etc., the rice kernels should be well separated, non-cohesive, and 
have a minimum amount of longitudinal splitting and fraying of edges 
and ends (16). The broth is expected to have a minimum amount of leached 
starch.
Physicochemical properties, including heat-moisture stability, 
of rice are largely dependent on its main chemical constituent— starch. 
The starch granules of rice are 2 to 7 microns in diameter, with
intermolecular hydrogen bonds responsible for their integrity.
While Insoluble in cold water, rice starch granules will undergo 
a limited amount of irreversible swelling when exposed to water.
When heated in water, a point is reached where the hydrogen bonds 
holding the granules together are weakened and an irreversible 
swelling occurs (70). If heating is continued the rice kernel 
undergoes deformation with the release of delinked starch molecules, 
most of it being amylose— the straight chain component of starch 
granule.
The aim of this investigation was to introduce certain covalent 
bonds which would randomly crosslink hydroxyl groups within the 
rice kernel so that the naturally present hydrogen bonds are highly 
reinforced to prevent physical distortion of the kernel during 
conventional retorting processes. It was obvious that by controlling 
the extent of reaction an optimum condition would be achieved for 
maintaining the desirable organoleptic qualities of rice while 
insuring the canning stability.
LITERATURE REVIEW
Rice Starch
The physicochemical properties of rice are largely dependent 
on starch, Its principal chemical constituent. On a dry basis, 
white milled rice contains approximately 84.8% to 93.5% starch,
5.6% to 13.3% protein, with the remainder consisting of lipids, 
fiber, vitamins, and minerals (39). In the rice kernel starch is 
present in the form of small angular granules measuring about 2 to 
7 microns in their largest dimension. Many of these particles are 
roughly pentagonal in outline. Because of their small size, the 
characteristic features of rice starch granules such as the hilum, 
striatlons, and birefringence are not very distinct (40).
In accord with the genetic character of the particular variety 
of rice, starch is synthesized and granules are formed which are 
probably organized in a compact form along with protein, lipid, 
and bound water through intra- and intergranular hydrogen bonds 
to give the eventual shape of the matured ripe rice grain. The 
concentrationsof protein, lipid, vitamins and minerals are much 
higher in the outer layers than in the interior of the rice kernel. 
Rice starch, like starch in most other species of cereals, is 
composed of two basic types of polymers, amylose and amylopectin. 
Amylose is a linear polymer in which all of the anhydroglucose 
units are linked through 1,4 - alpha glycosldic bonds. In
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amylopectin the linearity is interrupted by frequent branching.
The relative concentrations of amylose and amylopectin are of 
paramount Importance in determining the physicochemical properties 
of rice.
Although the composition of rice starch has been studied 
extensively (36, 37, 55, 69) the gelatinization and pasting 
characteristics and the cooking behavior of many varieties cannot 
be predicted solely on the basis of either the amylose or the 
amylopectin content. Several Investigators (4, 6 , 15, 26) have 
reported an apparent independence between the gelatinization 
temperature and the amylose content of granular rice starch.
Although granular starches are not highly crystalline, they 
exhibit sufficient crystal perfection to produce recognizably 
different X-ray diffraction patterns. The property of starch to 
form crystalline modifications has been ascribed by some investi­
gators to the amylose fraction (7, 8 , 23, 24, 63, 64).
Storey and Merrill(64) showed that when solutions of amylose 
and amylopectin are placed under shear, amylose molecules reassociate 
more readily than amylopectin. The amylopectin fraction may also 
contribute to the crystalllnity of the starch granule, although this 
requires that the molecule possess sufficiently long straight- 
chain portions which may associate. The crystalllnity of granules 
or waxy starch, which has a negligible content of amylose, supports 
this possibility.
Lugay and Jullano (51) studied the X-ray diffraction pattern of 
starch blends from two varieties of rice having amylose contents of
13.7% and 32.8%. Five diffraction peaks showed optimum intensities 
at 25% amylose. With the increase in crystalllnity, a concomitant 
increase in gelatinization temperature was observed. Diffraction 
intensity and maximum paste viscosity ( v) max) of the starch 
mixtures showed a negative linear relationship. The max measures 
the extent of swelling of the starch granules. Hence the increase 
in crystalllnity, which results in increased associative bonding, 
suppresses the extent of swelling of the granules during gelatinization 
and pasting. Halick and Kelly (26) noted that higher-amylose rices 
grown in the United States tend to have lower "^max values than low- 
amylose samples. However, Lugay and Juliano (51) also mentioned that 
some factors other than amylose concentration-dependent crystallinity 
of granular starch influenced the gelatinization temperature of rice 
starch. Apparently there are variations in the inherent crystalline 
order which affect the gelatinization temperature.
Quality Characteristics
Rice varieties differ greatly in their cooking and processing 
qualities. Among the domestic varieties the quality of home-cooked 
rice has been described as varying from very sticky to flaky (33).
Fully cooked milled kernels of typical U. S. short- and medium-grain 
varieties usually are somewhat sticky, relatively firm, and tend to 
stick together, whereas typical long-grain varieties usually cook to 
a flaky state with a minimum of splitting and do not tend to stick 
together. In this regard, the most outstanding observation was made 
by Williams and co-workers in 1958(69). They showed that the long-
grain domestic varieties known to cook dry and flaky usually had 
the highest amylose content, whereas the amylose contents of the 
short- and medium-grain varieties were somewhat lower. The 
glutinous, or waxy, varieties contained virtually no amylose.
These observations were subsequently verified by several investigators 
using varieties from all over the world (37, 38, 55).
Variation in amylose content depends on variety of rice as well 
as climatic conditions. In one observation (54) the Caloro and 
Bluebonnet varieties which were grown in Australia had higher amylose 
contents than samples of the same varieties grown in Texas or in the 
Philippines. On a dry weight basis, the Bluebonnet rice grown in 
Australia had an amylose content of 27.4% whereas when grown in Texas 
and in the Philippines, this variety contained about 23% and 20.2% 
respectively. Corresponding amylose values for Caloro were 23% for 
Australia, 13.9% and 19.1% for Texas, and 17% for the Philippines.
One factor which is likely to contribute to variations in amylose 
content is the ambient temperature in the rice growing district during 
ripening of the grain. Beachell and Stansel (5) noted that low 
temperature during ripening sometimes increased the amylose content.
In general, amylose content has been negatively correlated with 
tenderness, cohesiveness, color and gloss, and positively correlated 
with the aroma of cooked rice (31).
The gelatinization temperature of rice is believed to be closely 
related to cooking quality. The amylograph studies of Halick and 
Kelly (26) showed that most short- and medium-grain varieties
gelatinized at lower temperatures than did most of the long-grain 
varieties investigated. These results were confirmed by granule 
swelling and birefringence end-point determinations (27).
The type and extent of disintegration of whole milled rice 
kernels in contact with dilute alkali were reported by Little et al. 
(49). Two distinct reactions were noted: (a) spreading where the
kernels disintegrated into small granules with the spreading being 
several times the original kernel size; and (b) clearing where the 
starch was solubilized with a loss of opacity. Spreading and 
clearing were evaluated on a numerical scale from 1 as a minimum to 
7 as a maximum. A slight to moderate reaction was characteristic of 
most domestic long-grain varieties, and a more pronounced reaction 
was characteristic of most short- and medium-grain varieties. A 
very high correlation between the alkali reaction and gelatinization 
temperatures was observed (26).
Water uptake under different cooking conditions has been used 
by many investigators to evaluate rice quality (26, 30, 55).
Batcher et al. (3) evaluated 26 varieties of milled white rice. The 
long-grain varieties tended to absorb more water than the other grain 
types, although there were exceptions. Residual cooking liquids 
from most of the long-grain varieties had less total solids and 
starch than the liquids from short- and medium-grain varieties. 
However, Century Patna and Toro had greater amounts of total solids 
in residual cooking liquids than other long-grain varieties.
Milling quality of rice is based on the yield of head rice 
obtained, since it is usually the milled product of the greatest 
monetary value. Yields of head rice vary widely, depending on 
variety, grain type, cultural methods, and other environmental 
factors, as well as the conditions of drying, storing, and milling.
Parboiling of Rice
Parboiling of rice has been practiced for many centuries in 
India, Bangladesh and Burma. It has been estimated that one-fifth 
of the world's annual crop is parboiled (45). Under different trade 
names such as "Converted", "Avario", "Cristallo", "Fernandez", etc., 
parboiling processes have been patented in many parts of the world. 
Basically, the parboiling process involves steeping rough rice in 
hot water for 8 to 15 hours while the kernels become saturated with 
water. The rice is then subjected to treatment with live steam 
for about 15 minutes, followed by thorough drying, after which it 
is milled (10). Rao et al. (57), in a recent comprehensive study, 
determined under controlled laboratory conditions the effects of 
variations of soaking temperature, soaking time, and steam temperature 
in the parboiling process on eight selected qualities and 
characteristics of milled rice, namely, total yields of milled rice, 
yields of head rice, color of milled rice, protein contents of brown 
and milled rice, water uptake ratio and volume of cooked milled rice, 
and total solids in the residual cooking liquid.
The effects of parboiling on the physicochemical properties of 
rice have been studied by several Investigators (17, 34, 48, 61).
Rao and Juliano (56) studied the effect of parboiling on grain
properties of seven varieties and selections that ranged from 2% 
to 27% in brown rice amylose content. Improvement of grain 
translucency and hardness, disruption of protein bodies, and the 
gelatinization of the starch granules accompanied parboiling.
The cooked kernels of nonwaxy parboiled rice were shorter but 
thicker girthwise, than those of raw rice cooked in water. The 
parboiled rice samples were slightly more readily digested in the 
alkali test. X-ray diffraction analysis indicated that the 
steaming process destroyed the A pattern of starch, whereas soaking 
alone enhanced the pattern. A microscopic examination of the 
powder under polarized light showed that the parboiled rice starch 
granules were no longer birefringent. Histological examination of 
rice and IR8 endosperms showed that parboiling changed the orderly 
polyhedral structure of the compound starch granules into a 
coherent mass. Intrinsic viscosity measurements indicated no 
appreciable decrease in the molecular size of the starch and 
protein components as a result of parboiling.
Canning of Rice
Although a huge amount of work has been published on different 
aspects of rice, there is a dearth of literature on the canning of 
rice. Attempts to successfully can rice have always been very much 
discouraging due to the highly cohesive nature of the cooked grain. 
It was found that the presence of excess liquid in the can before 
retorting was primarily responsible for the stickiness and clumping 
effects. Hence dry pack canning has received more attention than
the wet pack process. Roberts et al. (60) developed a method 
for canning cooked rice which Involved soaking the raw rice in water 
at a temperature below the gelatinization point of starch prior to 
cooking the rice in boiling water. Soaking the grain at a temperature 
below the gelatinization point allowed the moisture to penetrate 
to the centers of the kernels so that when the soaked rice was cooked 
in boiling water, gelatinization was obtained at the centers of the 
kernels with a minimum of overcooking at the surface. Accordingly, 
fewer cells were ruptured and starch losses were minimized. It was 
considered critical to restrict the cooking operation so that the 
kernels contained not more than 45% to 60% moisture, preferably 55%. 
Since the product was not considered edible at this moisture level, 
it was prepared for consumption, after removal from the can, by 
heating the rice in boiling water to increase its moisture level.
Even with this method, however, an undesirable degree of 
cohesiveness remained and the product required heating in water 
and draining to prepare it for consumption.
Another process (65), generally similar to the above in that 
soaking and cooking steps were involved, required an additional 
step of freezing the canned rice after retorting. The freezing 
was believed to cause retrogradation of starch. However, this 
process is costly, and the results are not uniformly dependable 
since the rates of freezing and thawing have an important bearing 
on the degree of starch retrogradation obtained. Moreover, the 
rate of freezing affected not only the ease of separation of the 
kernels, but also the textural properties of the final product.
Ferrel et al (21) overcame the clumping problem mentioned by 
Roberts et al. (60) through the use of emulsifying agents. A 
rinse treatment with dilute surface-active agents during the 
canning procedure markedly reduced the cohesion that normally 
developed in the product.
Kester (44) reported that parboiled rice, unlike white rice, 
did not disintegrate when subjected to canning process times and 
temperatures in the presence of limited moisture. However, the 
optimum parboiling conditions for different varieties of rice 
for canned products were not clearly defined. Jones (35) 
indicated that a severe steam treatment of 10 minutes or longer 
at 15 psi gave the best results.
Hagberg (25) discussed the requirements for maintaining proper 
canning stability of rice in condensed soups. Because of the 
condensed nature of the surrounding medium, the availability of 
water would be less for the rice grain to be overcooked. The main 
emphasis was on the selection of rice varieties and the extent of 
parboiling treatment. Three varieties, Nira, Rexoro and Texas Patna 
were found to have the best canning stability. Jojutla, a variety 
introduced from Mexico, exhibited superior canning qualities, but 
the variety is not well adapted in the United States (67).
Demont and Burns (16) studied the effects of parboiling steam 
time, pH, calcium lactate concentration, and blanch time on the 
quality of canned rice in excess liquid. There were definite 
varietal differences in suitability to this product. Turbidity 
response to parboiling treatment was both linear and quadratic.
Turbidity decrease varied directly with increased parboiling 
times, but the increase in quality was proportionately less at 
longer treatments. Color response to parboiling treatment showed 
a positive linear effect. Longer steam time produced a darker 
color. Texture of canned rice improved rapidly with increased 
parboiling time, but firmness was enhanced less proportionately 
by time beyond 10 minutes. Complete gelatinization of starches 
probably occurred between 5 and 10 minutes after steaming. Low 
and high pH increased turbidity over more moderate hydrogen ion 
activities, with acid and base hydrolysis occurring at the 
extremes. Color and texture appeared to be optimum at neutral pH. 
Unlike other starchy foods, canned rice did not show any improve­
ment due to the addition of calcium lactate. Blanch time of 15 
minutes produced the least turbidity and the best color. Firmness 
decreased with increased blanch time. This was attributed to the 
loss of leachable solids, as drained weight also decreased with 
blanch time. Blanching alleviated clumping and cohesion problems 
by removing leachable solids and by lowering the density of the 
rice grain.
Instead of "blue value", or turbidity measurement, Webb and 
Adair (67) introduced the percentage solids loss on dry basis as 
the main criterion for canning stability of rice. In evaluating 
the canning stability of different varieties, they found Jojutla, 
with only 9% solid loss, to be the best variety. The Bluebelle, 
Dawn, Bluebonnet, and Toro varieties were reported to have 
percentage solid losses of 17, 19, 21, and 33%, respectively.
Recently, Tollefson and Bice (65) patented a method of 
preparing canned cooked rice. The method Involved cooking of 
parboiled rice In acidified water (0.15 ml.glacial acetic acid 
per gallon of water) in the presence of edible mono- and 
diglycerides at a temperature above the gelatinization point of 
starch but below the boiling point of water for a sufficient 
period to achieve a moisture content between 58% and 65%. The 
cooked rice was then canned and the cans were sealed, sterilized, 
and cooled; the product was allowed to age in the cans for several 
days before consumption.
Chemical Modification of Starch
For years native starch has been used in food systems to a 
limited degree, and this restriction of use was imposed by the 
properties of these starches. In general, the dispersions of 
starches such as c o m  or wheat which contained amylose were 
limited in use to systems in which the development of a gel was 
desirable, whereas with nonamylose starches such as waxy maize, 
or root starches like tapioca and potato, applications were 
extremely limited due to the rubbery or elastic textures which 
usually were undesirable (70).
To expand the usefulness of starches, industrial procedures 
make use of a variety of techniques for modifying the 
characteristics which govern the properties of starch. These 
techniques have given rise to a number of starch derivatives 
which, during the past two decades, have become a major factor in
the food field where they are used as additives to thicken, 
stabilize, or provide textural characteristics to a wide variety 
of food systems, ranging from pie fillings and puddings to salad 
dressings.
Most starch derivatives are prepared by methods that involve 
the introduction of relatively low levels of substituent groups 
through the interaction of hydroxyl groups on the starch molecule 
with chemicals capable of reacting under relatively mild conditions. 
The resulting substituent may be introduced onto the starch through 
ether or ester linkages (59).
Crosslinking is one of the basic derivatlzatlon techniques used 
in making specialty food starches. It involves reacting starches 
in the intact unswollen granule form with di- or polyfunctional 
reagents capable of reacting with at least two of the hydroxyl 
groups in neighboring molecules, thus forming a bridge in the three 
dimensional network. These bridges reinforce the hydrogen bonds 
holding the granule together with strong chemical bonds which 
resist rupture during the cooking process. Crosslinking is a very 
effective technique for strengthening the granule and at the same 
time maintaining the desired texture of most thickened food 
systems (70).
The properties of crosslinked starches vary widely, depending 
upon the extent of the crosslinking. Starch granules that are so 
highly crosslinked that they will not swell even when autoclaved at 
elevated temperatures and pressures have found commercial acceptance 
as dusting powder for surgical gloves (11, 20).
In 1939 Maxwell (52) may have been the first to apply the 
crosslinking reaction to starch knowingly, although Classen in 
1898 had disclosed that non-swelling starch could be prepared by 
treatment with formaldehyde (12). Felton and Schopmeyer (19) 
reported in 1943 the use of phosphorus oxychloride, phosphorus 
pentachloride, and thiophosphoryl chloride to crosslink starches 
in an aqueous medium. By careful control of reaction conditions, 
these workers obtained granular derivatives which formed thick­
bodied pastes having stable viscosities during extended cooking 
periods. The granular structures of these starches were 
remarkably resistant to disintegration in water. These properties 
were obtained by using 0.15 to 0.25% of phosphorus oxychloride, 
relative to the amount of starch. The formation of crosslinkages 
between starch molecules by means of phosphorus oxychloride is 
represented as follows:
0 0
I I  I f
2 Starch-OH + Cl - P - Cl » Starch - 0 - P - 0 - Starch + HCl
I I
Cl Cl
Better control of the crosslinking reaction was achieved later (68)
by the addition of water soluble alkali or alkaline metal salts,
such as sodium chloride, to the reaction slurry. The function of the
alkaline salts may be to retard the hydrolysis of the highly
reactive phosphorus oxychloride, thus permitting greater penetration
of the reagent into the starch granule and in consequence, more
uniform phosphation.
Kerr and Cleveland (41, 42) used water soluble trimetaphosphate 




2 Starch-OH + P. ~..■» Starch - 0 0 - Starch
°v
0 - P —  0 —  P - 0
I I
NaO ONa + Na2H2P2C>7
Although the product is referred to as a distarch phosphate ester, it 
is probable that small amounts of the mono- and trisubstituted esters 
also occurs. The reaction of starch with phosphorus oxychloride 
may also give mono-, di-, and triesters.
The esterification of starch with trimetaphosphate salts in an 
aqueous medium requires more rigorous conditions that does esterification 
with phosphorus oxychloride. Alkaline materials such as sodium 
hydroxide, calcium hydroxide, and sodium carbonate catalyze the 
esterification reaction.
In 1950 Konigsberg (46) patented the process of crosslinking 
starch with several etherifying agents. Aliphatic dihalldes such as 
propylene dichloride, ethylene dibromide, glycerol dlchlorohydrin, 
and dichlorobutane were used, as were also epoxy halogen compounds 
such as epichlorohydrin and epibromohydrin. In 1965 Roberts (58) 
citing the findings of Feit et al. (18) and Hamerstrand et al. (28), 
suggested that epichlorohydrin, which has two different reactive 
groups, in an alkaline system probably crosslinks starch in a sequence 
of three reactions which he outlined as follows:
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OH"
Starch-OCH2 - CH— CH2
Starch-OH
OH"
Starch-OCH2 - CH - CH20-Starch
Direct analysis to establish the extent of crosslinking Is difficult 
because of the very low degree of substitution in most crosslinked 
starches. Hamerstrand and co-workers (28) obtained a quantitative 
estimate of the amount of epichlorohydrin reacting with starch by 
deducting the glycerol and epichlorohydrin found in the combined 
filtrate and washings from the total amount added to the reaction. They 
pointed out, however, that all the bound epichlorohydrin was not 
necessarily involved in crosslinking. Since each reactive site on this 
bifunctional reagent can react either with starch or with water, one 
must assume that at least part of the reagent will be bound to the 
starch by only one link. It is therefore quite likely that the ratio 
of crosslinks to D-glucose units reported by these workers was on the 
high side. However, by relating the hot water solubles to the apparent 
number of D-glucose units per crosslink, they were able to relate 
quantitatively the degree of crosslinking to some physical property for 
the first time. It is of interest to note that as little as one cross­
link per 1000 D-glucose units had a marked effect on the solubility of 
the starch granules in hot water.
Success in improving the canning stability of rice by crosslinking 
with phosphorus oxychloride and epichlorohydrin was obtained 
simultaneously in this same laboratory. The initial work with phosphorus
oxychloride has very recently been reported by Loustaunau in her 
M. S. Thesis (50). However, the level used by her was 1% (v/w) based 
on the weight of rice, which is about seventeen times higher than that 
allowed by Food and Drug Administration for starch modification.
While the author developed application of epichlorohydrin and sodium 
trimetaphosphate in rice canning, he also extended her work on 
phosphorus oxychloride. The method of evaluating solids loss has also 
been up-dated by the author because the turbidity method is less 
reliable owing to starch retrogradation in spectrophotometric tubes.
MATERIALS AND METHODS
This particular research endeavor was of a developmental nature 
thus involving a wide range of experimental conditions. The materials 
and methods described below involve only the basic modification, 
processing, and evaluation procedures. More detailed development of 
the evaluation procedures for various aspects of the investigation 
are described in conjunction with the results and discussion.
Three crosslinking reagents, epichlorohydrin, phosphorus 
oxychloride and sodium trimetaphosphate are employed for the 
modification of the rice grain. The process involves random cross- 
linking of the starch hydroxyl groups in rice by ether or ester bonds.
The intra- and intergranular structures reinforced by covalent bonds 
results in marked changes in the swelling behavior of the rice kernel 
and its subsequent resistance to over-cooking during thermal processing.
Parboiled rice was found to be highly reactive toward all three 
crosslinking reagents; white milled rice, however, could only be 
crosslinked to the desired extent with epichlorohydrin.
Rice Samples and Reagent Preparation
The rice samples used in this investigation were collected from 
two sources. Five varieties of white milled rice, Bluebelle, Starbonnet, 
Bluebonnet 50, Dawn and Toro, were obtained from Dore Rice Mills, Inc., 
Crowley, Louisiana. In addition, a canner's grade parboiled rice 
(Bluebelle) was obtained from Uncle Ben's Inc., Houston, Texas.
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Epichlorohydrin and phosphorus oxychloride were obtained from 
J. T. Baker Chemical Co., Phillipsburg, New Jersey. Both reagents 
were redistilled under reduced pressure prior to use. Sodium 
trimetaphosphate was prepared by heating monosodium orthophosphate 
(NaH2P04> at 550°C for two hours as described by Bell (9).
Modification Procedures
There are three basic steps involved in the overall modification 
process: activation, crosslinking, and neutralization.
Activation: The parboiled rice was activated by soaking in a
0.1N NaOH solution for two hours. The ratio of alkali to rice was 2:1. 
Sodium chloride at the 10% level based on the weight of the rice, was 
also added during the activation step. The neutral salt tends to 
reduce the swelling tendency of the grain as well as to increase the 
alkali absorption (58).
White milled rice was activated for the same length of time as the 
parboiled samples; the concentration of alkali, however, was increased 
to a 0.2N NaOH solution in which the alkali to rice ratio was reduced 
to 1:1. Sodium chloride levels were also reduced to 6% due to reduced 
swelling tendency associated with white rice.
Crosslinking: The procedures followed during crosslinking differs
depending upon the reagents employed. The levels of each reagent 
used were in keeping with those used in modifying starch for human 
consumption as described in the Code of Federal Regulations (13).
Crosslinking reagents were added directly to the rice-alkali-salt 
mixtures which were at room temperature (72°F). Epichlorohydrin was used 
at the level of 0.3% (w/w) based on the initial weight of the rice 
activated. The reaction was allowed to proceed for four hours on an 
orbital shaker at 150 rpm in a closed container to prevent loss of 
the volatile epichlorohydrin. The procedure was the same for both 
white and parboiled samples.
Sodium trimetaphosphate was added at the 0.5% level (w/w) based 
on the initial weight of the rice. It was the easiest crosslinking 
reagent to handle of the three because of its solid nature. The 
reaction was allowed to proceed in the same manner described above 
except the reaction was terminated after three hours. Sodium 
trimetaphosphate was ineffective in crosslinking white milled rice.
Phosphorus oxychloride was the most difficult crosslinking 
reagent to handle due to the fact that it will react with water or 
sodium hydroxide. Rice must be made highly reactive in order to 
compete with water and NaOH for the nucleophilic reaction. Increasing 
the salt concentration in the reaction mixture to 20% appears to offer 
somewhat better control over the reaction. The reagent (POCI3) was used 
at the 0.1% (w/w) level. The reaction was completed within 30 minutes 
on the orbital shaker.
Neutralization: After crosslinking, the alkali-salt-reagent
mixtures were decanted, and the rice was washed several times with 
tap water. The rice was resuspended in tap water and neutralized by 
slowly adding 4 to 5 ml. of 4N HC1. Neutralization required 
approximately eight hours for white rice due to slow leaching from
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the grain whereas parboiled rice required only five hours. The pH 
was maintained above 4.0 otherwise the grains may undergo acid 
modification which is characterized by heavy starch leaching. After 
neutralization the grains were thoroughly washed and air dried at 
room temperature.
Estimation of Extent of Reaction
Epichlorohydrin: After crosslinking, the alkali-salt-epichlorohydrin
mixture from a 100-g. rice sample was decanted into a 1000-ml. volumetric 
flask. The rice was washed with distilled water several times and the 
washings added to the volumetric flask for subsequent determination of 
unreacted epichlorohydrin. The reaction mixture and the washings 
which were collected in the 1000 ml. volumetric flask were brought to 
volume with distilled water and placed in a cold room at 5°C for 18 
hours for retrogradation of the starch which aided filtration. Fifty 
ml. of the filtrate was diluted to 100-ml. and 10-ml. aliquots pipetted 
into 50-ml. volumetric flasks, and 1 ml. of 2N sodium hydroxide added to 
each. An epichlorohydrin standard and a reagent blank were prepared 
in a similar manner. The stoppered flasks were heated on a water 
bath at 80°C for one and one-half hours, then cooled, and 1 ml. of 
ION sulfuric acid was added, followed by 5 ml. of .1M sodium periodate.
The flasks were placed in the dark for 10 minutes after which 5 ml. 
of 1M sodium arsenite were added and the solutions diluted to 50 ml. 
with distilled water. One-ml. aliquots were then pipetted into test 
tubes. Ten-ml. of chromotropic acid reagent were added rapidly, mixed 
thoroughly, and the tubes were then heated in a boiling-water bath for
thirty minutes. The tubes were removed and cooled to room temperature: 
aliquots were poured into cuvettes, and the absorbance read at a wave­
length of 570 nm in a Bausch and Lomb Spectronic 20 using a water blank 
set at zero absorbance. The procedure was similar to that described 
by Hamerstrand et al. (28).
Phosphorus oxychloride and sodium trimetaphosphate: The extent of
incorporation of phosphorus oxychloride and sodium trimetaphosphate 
was determined by estimating the phosphorus content of crosslinked 
rice compared to samples which had been treated in the same manner 
except the crosslinking reagent was deleted. The colormetric 
vanadomolybdate method at a wave length of 400 nm was used for the 
phosphorus determination (1).
Canning
Excess Liquid Canning (Wet Pack): Twenty-gram samples of rice of
known moisture content (11 to 12%) were placed in 211 x 400 C-enameled 
cans. Each can was filled to one-half inch head space with boiling 
water (tap water adjusted to pH 6.0 with dilute acetic acid) after 
which the cans were sealed and retorted at 240°F for 60 minutes and 
quickly cooled in running tap water.
Limited Moisture Canning (Dry Pack): Due to the less severity
of thermal processing under limited moisture conditions, rice samples 
used in this aspect of the Investigation were crosslinked at lower 
levels than previously described. The levels used were reduced to 
0 .2% (w/w) for epichlorohydrin and sodium trimetaphosphate whereas
phosphorus oxychloride was reduced to 0.084% level. All other 
conditions in the modification procedures were the same.
The rice samples were canned under limited moisture in 307 x 113 
C-enameled cans using two different methods as follows:
Method I: 130 g. of white Bluebelle rice was cooked in one liter
water (tap water adjusted to pH 6.0 with dilute acetic acid) under a 
low flame for 28 minutes (till well-done). The cooked rice after 
draining for 10 minutes on a 1.68 mm. wire-mesh screen weighed 
536.63 g. which was equally divided into 5 cans; sealed and retorted at 
240°F for 60 minutes. It is obvious that 30 g. sample had consumed
77.33 ml. of water.
Cooking under similar conditions, 30 g. of epichlorohydrin 
treated white Bluebelle rice was found to consume only 60.07 ml. of 
water. Hence, prior to sealing the can, 17.26 ml. of water (pH 6.0) was 
poured into each can to make up the moisture content.
Parboiled Bluebelle had to be cooked for 35 minutes to get 
desirable doneness; 30 g. consumed 79.16 ml. of water. Parboiled 
Bluebelle modified with epichlorohydrin, phosphorus oxychloride and 
sodium trimetaphosphate consumed 63.40, 64.75 and 68.20 ml. 
respectively. So, before sealing the cans, calculated amount of water 
(pH 6.0) was poured in to bring the moisture content equal to that in 
parboiled control.
Method II: In this method, no cooking or blanching was involved
prior to canning. Thirty g. of rice sample was directly weighed into 
each of the 307 x 113 C-enameled cans and then calculated amount of 
water (pH 6.0) was poured in to match its counterpart in method I.
X-Rav Diffraction
X-Ray diffractograms of two white milled rice samples (Bluebelle 
and Bluebonnet SO) and their parboiled counterparts were obtained in 
order to find the possible relationship between the extent of cross- 
linking (as estimated by canning stability) and the inherent degree 
of crystallinity.
The four samples were ground into a flour using a Wiley mill 
with a 40-mesh screen. The rice flour was repeatedly shaken with
0 .2% sodium hydroxide and centrifuged until the washings were 
negative to biuret reagent. The flour was then washed with distilled 
water until the washings were neutral to phenolphthalein. The starch 
preparation was then air dried and the top and bottom crusts discarded. 
The method of sample preparation was similar to that described by Lugay 
and Juliano (51).
The powdered starch materials were analyzed with a Norelco X-ray 
diffraction unit. The rice starch was scanned from 5° to 45° at 2°
20 per minute. The diffraction conditions were as follows: CuKoc
radiation with Ni filter, 40-kv high tension voltage, 15-ma current. 
Intensities were calculated by drawing base lines according to the 
method described by Moore (53).
RESULTS AND DISCUSSION
Excess Liquid Canning (Wet Pack)
White milled rice (Bluebelle) was crosslinked in the manner 
described earlier with epichlorohydrin. Parboiled Bluebelle samples 
were crosslinked with epichlorohydrin, phosphorus oxychloride, sodium 
trimetaphosphate. In addition, a white and parboiled sample were 
prepared which had received the same treatment as the crosslinked 
samples except that the crosslinking reagents had been deleted. Two 
additional controls, untreated white Bluebelle and untreated parboiled 
Bluebelle were included in the evaluation.
The samples were canned under excess liquid conditions as 
described earlier. The evaluation process was carried out as follows: 
(a) Solids loss - The solids loss during canning was obtained by 
calculating the difference in weight between the dry-matter content of 
the original sample and the dry-matter content of the sample retained 
after washing over a 1.68 mm. wire mesh screen, as outlined by Webb 
and Adair (67). These losses were determined initially after canning 
and after six-month storage at room temperature, (b) Elongation 
ratios - Length of canned rice was divided by length of raw rice using 
a slide caliper, (c) Imbibe ratio - Weight of cooked rice was divided 
by weight of raw rice.





















25.71 + 0.75 
35.34 + 4.86 
4.68 + 0.70
27.82 + 1.04
33.66 + 5.44 
6.10 + 0.33 
8.24 + 0.19 
5.15 + 0.16
36.33 + 3.07
41.67 + 4.75 
5.95 + 0.96
35.75 + 2.82
40.68 + 4.31 
8.02 + 0.70
11.71 + 1.34 
7.51 + 0.90
Table II.
Elongation and Imbibe Ratios of Wet Pack Canned Rice
Treatment Elongation Ratio Imbibe Ratio
White Rice (Bluebelle)
Control 1.28 6.41




Treated Control a b
Epichlorohydrin 1.72 4.89
POCI3 1.65 6.38
Sodium Trimetaphosphate 1.71 4.82
aThe kernels were too distorted for measurement.
^Confusing imbibe ratio because of too much leached starch in the 
drained rice.
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Fig*1• Canning stability of modified rice.
1. Epichlorohydrin treated white, 2. White treated 
control, 3* White control, Parboiled control
Fig*2. Canning stability of modified parboiled rice
1. Parboiled control, 2. Epichlorohydrin, 3. Sodium 
trimetaphosphate, k* Phosphorus oxychloride
The low solids loss of modified samples was evidenced by the 
clarity of the canning liquor as shown in Figures 1 and 2. The 
treated controls for both white and parboiled rice had much higher 
solids loss than their corresponding untreated controls. The canned 
rice for both the treated controls were too distorted to obtain 
satisfactory measurements for determining the elongation ratios. It 
was clearly evident from Figures 3 and 4 that the epichlorohydrin 
treated white sample had a greater resistance to overcooking while 
maintaining kernel stability; the same was true in case of all the 
modified parboiled samples. Treated control samples had a substantial 
amount of leached starch. This starch was extremely hydrated and 
sticky thus introducing large errors in the imbibe ratio for these 
samples. The excessive grain distortion and the heavy leaching in the 
treated control samples indicate that the modification procedure 
itself was detrimental to the rice if the crosslinking reagent was 
omitted. There was a direct relationship between imbibe ratio and 
solids loss. The crosslinked rice showed the lowest solids loss in 
conjunction with the smaller imbibe ratios. Evidently, higher values 
(greater than 5) indicate over-swelling which leads to grain 
distortion and excess starch leaching.
Storage or shelf-life is very important from a commercial stand­
point. Apart from the solids loss during retorting, more solids 
leached out during the subsequent storage. Because of retrogradation, 
most of the starchy material settles at the bottom of the can often 
causing a firm mat. This phenomenon can be readily observed if the 










modified rice samples with their low initial percentage solids loss 
maintain a high quality even after six months storage. The amount of 
leaching during the storage period was far less than that of the 
controls.
The question arose as to the organoleptic evaluation of the 
treated samples. Any treatment imposed on rice must not have any 
detrimental effects with regards to consumer acceptance. The samples 
were evaluated by a panel of ten judges for color, cohesiveness, off- 
flavor, and doneness using a 5 point hedonic scale (Table XXI, Appendix) 
similar to that described by Batcher et al. (2).
In the first aspect of the taste panel evaluation, epichlorohydrin 
treated white Bluebelle was compared with a white control and a parboiled 
control (commercial canner's quality). There were 5 cans per treatment
combination which were individually scored by the ten judges. The data
were analyzed as a randomized block design; the mean squares for the sources 
of variation are given in Table XV, Appendix; the mean hedonic scores are
presented in Table III below.
Table III.
Treatment Means for Hedonic Scores* of Wet Pack Canned Rice
Epichlorohydrin Parboiled White
Modified White___________ Control____________Control
Color 4.78 3.78 4.72
Cohesiveness 5.00 2.56 1.66
Flavor 4.72 3.80 4.32
Doneness 3.42 1.44 1.18
"For color, cohesiveness and flavor, a score of 5 was excellent, whereas 
for doneness, 3 was excellent and a score of 5 or 1 was considered under­
done or mushy, respectively.
Mean hedonic scores for color, cohesiveness, flavor and doneness 
were all highly significantly (P<.01) improved by epichlorohydrin 
treatment which Indicated that the Judges preferred the crosslinked 
samples over the controls with regards to all the attributes. It was 
evident from Figure 4 that the epichlorohydrin modified white rice was 
far less cohesive than its white counterpart. The grains were separate 
and fluffy despite the severe heat-molsture treatment imposed by 
conventional retorting.
In the case of parboiled rice, three crosslinking reagents were 
effective. Thus, the taste panel evaluations were made to assess the 
quality variations among the different reagents. Ten panel members 
evaluated the samples on color, cohesiveness, off-flavor, doneness and 
general appearance using the 5 point hedonic scale (Table XXI, Appendix). 
There were 5 cans per treatment combination which were evaluated by each 
of the 10 judges. The data were analyzed as a randomized block design. 
The mean squares for the sources of variation are given in Table XVI, 
Appendix. Orthogonal comparisons (Table V below) were used to isolate 
differences between treatments. The mean hedonic scores are presented 
in Table IV below.
Table IV.









Color* 4.14 4.30 4.76 4.86
Cohesiveness 3.06 4.24 5.00 4.94
Flavor 4.58 4.80 4.78 4.78
Doneness 1.22 2.02 3.12 3.04
General Appearance 1.54 2.56 4.96 4.54
*See Table XXI, Appendix, for scoring legends.
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Fig. 4.Canned rice after draining off the liquid.
Left: Epichlorohydrin treated white;right: 'White control
t * » T «  ►WKSOUfc » ; u
Fig. 5.Canning stability of epichlorohydrin treated 
parboiled rice.
The analysis of variance revealed that there was a highly 
significant difference (P <.01) between treatments with regards to 
all attributes examined except for flavor, which was not significant 
(P>.05). Since the overall treatment effect was highly significant 
the appropriate orthogonal comparisons were made to differentiate 
between treatments; these data are presented in Table V.
Highly significant differences (P <.01) were obtained between 
the parboiled control and the three modified samples for all the 
quality attributes. The second comparison, between phosphorus oxychloride 
treated rice, and those treated by epichlorohydrin and sodium trimeta­
phosphate, was found highly significant with regards to all factors 
except flavor.
In the third comparison, between the rice modified by 
epichlorohydrin and sodium trimetaphosphate, no significant differences 
were obtained except In general appearance. Upon examination of the 
treatment means in Table IV it is obvious that the panel members 
preferred the epichlorohydrin treated samples even though they showed 
slightly higher solids loss than sodium trlmetaphosphate treated 
samples. Figure 5 emphasizes the difference between the control and 
the epichlorohydrin treated parboiled rice. The thick matting of 
control samples as shown in this figure well illustrates a complaint 
of food processors trying to process rice in conventional retorting 
equipment.
Table V.
F Values for Orthogonal Comparisons Involving Treatments of Parboiled Bluebelle
Comparisons Color Cohesiveness Flavor Doneness
General
Appearance
al vs 2, 3, 4 27.35 160.90** 10.96 760.04** 1025.00**
2 vs 3, 4 25.29** 27.42 0.09 334.08** 710.37**
3 vs 4 0.73 0.14 0.00 1.43 19.60
M S Error .3428 .6474 .146 .112 .225
Degrees of Freedom 1 & 27 1 & 27 1 & 183 1 & 183 1 & 183
al. Parboiled control, 2. Phosphorus oxychloride, 3. Epichlorohydrin, 4. Sodium trimetaphosphate. 
**(P <.01) , *(P <.05)
u>
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Effects of pH on Canning Stability
The effect of neutral and acidic pH in the canning liquor waa 
studied only with the epichlorohydrin treated parboiled rice. The 
purpose was to check the stability, shelf-life and other quality factors 
of crosslinked rice in order to expand the range of practical applications. 
Most of the rice products are usually in the pH range of 6-7; however, 
in tomato type products the pH is likely to be around 5.0.
Sixty cans of rice were used in the evaluation, 30 containing the 
epichlorohydrin treated parboiled rice and the remaining 30 using the 
untreated parboiled sample. Both treated and control rice were canned 
at pH 7 and 5. Ten cans from each group were opened immediately 
after canning, five of each group were used for determining percentage 
solids loss and the other five for organoleptic evaluation. The five 
additional cans in each group were stored for 6 months prior to 
determining solids loss. The percentage solids loss data were 
analyzed as a 2 x 2 x 2 factorial in a completely randomized design 
Involving time, treatment, and pH as the main effects. Since the taste 
panel data were collected only after Initial canning and did not involve 
any storage study, the data were analyzed as a 2 x 2 factorial in a 
randomized block design with treatment and pH as the main effects. The 
solids loss and taste panel data were determined in the same manner 
and with the same number of judges as described earlier. Figure 6 
illustrates the canning stability of epichlorohydrin treated 
parboiled rice at pH 5.0.
Table VI.
Mean Percentages for Solids Loss of Wet Pack Canned Parboiled Rice
Modified Control
Time of Storage pH 7 pH 5 pH 7________pH 5
0 7.32 6.62 23.14 36.06
6 months 8.24 8.19 26.97 40.80
The means for the percentage solids loss are presented in Table VI.
As shown by the mean squares data in Table XVII, Appendix, time, treat­
ment, pH, treatment x time interaction and treatment x pH interaction 
were found highly significant (P ^.01) whereas the time x pH interaction 
was not significant (P >.05). One would thus assume from the significance 
of the two interactions that crosslinking improves the stability of rice 
to pH extremes as well as provide for greater storage stability.
Table VII.
Effect of pH on Mean Hedonic Scores* of Wet Pack Canned Parboiled Rice
Modified Control
pH 7________ pH 5_____________pH 7_______ pH 5
Color 4.88 4.78 3.72 3.84
Cohesiveness 4.96 5.00 1.70 1.60
Flavor 4.96 4.78 4.30 4.40
Doneness 3.16 3.18 1.14 1.20
JL ■ ■ ■ ■■ —  ■' ■■■■ ■ I ■ ■■ ■  —  I —  ■ ■ ■
See Table XXI, Appendix, for scoring legends.
EPICHlOROHmiN TREATMENT
O r  PARBOREP PIC?
Fig. 6. Canning stability of epichlorohydrin treated 
parboiled rice at pH 5.0 .
CANNING OF COOKEP R R f
Fig. 7. Limited moisture canning of epichlorohydrin 
treated white rice(method I).
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The treatment means for the organoleptic evaluation concerning 
color, cohesiveness, flavor and doneness are presented In Table VII.
As shown by the mean squares data in Table XVIII, Appendix, treatment 
was highly significant (P <.01) with regard to all quality attributes, 
indicating the high potential for epichlorohydrin treated parboiled 
rice in heat processed formulations. The pH of the canning liquor 
was not significant (P > .05) with regard to the various organoleptic 
factors; however there was a significant (P<.05) treatment x pH 
interaction concerning flavor which indicates that pH had a greater 
influence on flavor with modified samples as opposed to controls. 
However, regardless of the pH, the panel members consistently preferred 
the flavor of the modified samples.
Limited Moisture Canning (Dry Pack)
Two sets of taste panel evaluations were performed with the 
modified rice samples canned under limited moisture conditions. The 
first set included epichlorohydrin treated white Bluebelle, parboiled 
Bluebelle and untreated white Bluebelle control; the second set 
involved all the parboiled samples treated by the three crosslinking 
reagents in conjunction with a control parboiled sample. The rice 
was canned under two canning conditions as described earlier. The first 
set was analyzed as a 3 x 2 factorial in a randomized block design 
whereas the second set was analyzed as a 2 x 4 factorial in a randomized 
block design. The mean hedonic scores are presented in Tables VIII and 
IX.
Table VIII.
Effect of Blanching on Mean Hedonic Scores of Dry Pack Canned Rice
Treated Untreated
White White Parboiled
I  II I II I II
Color 4.86 4.44 3.22 4.16 5.00 2.40
Cohesiveness 4.94 4.82 3.56 1.58 2.62 2.22
Flavor 4.42 4.30 4.22 4.44 4.68 4.16
Doneness 4.44 3.38 2.42 1.46 2.06 2.36
*See Table XXI, Appendix, for scoring legends.
^Method I ■ blanched rice; Method II ■ unblanched rice.
The analysis of variance (Table XIX, Appendix) revealed that treat­
ment was highly significant (P ^.01) in case of color, cohesiveness and 
doneness. Flavor was not significant. Method of canning was highly 
significant in case of color and cohesiveness. The treatment x method 
interaction was found to be highly significant in case of cohesiveness 
and doneness which are two of the more important aspects of high quality 
canned rice. Figure 7 demonstrates that the epichlorohydrin treated 
white Bluebelle was far superior to both the parboiled and white control 
samples. From the overall standpoint, it was obvious that method I, i.e. 
cooking or blanching prior to canning, was superior to method II, where 
the rice was directly weighed into the can and processed with a measured 
amount of water.
Treatment means for the hedonic scores associated with modified 




Treatment Means for Hedonic Scores* of Dry Pack Canned Parboiled Rice
Parboiled Epichloro- Sodium Trimeta-
Canning Control POClo hydrin phosphate
Method” :___________I II I______ II______ I_______ II______ I______ II
Color 3.50 2.88 4.22 3.80 4.70 4.54 4.26 3.92
Cohesiveness 3.24 1.58 4.70 4.04 4.94 4.76 4.78 4.26
Flavor 4.26 4.30 4.76 4.48 4.72 4.56 4.76 4.62
Doneness 2.40 1.62 3.22 2.96 3.40 3.52 3.48 3.36
*See Table XXI, Appendix, for scoring legends.
^Method I ■ blanched rice; Method II * unblanched rice.
Analysis of variance (Table XX, Appendix) for color, cohesiveness 
and doneness showed that treatment, method and treatment x method inter­
action were highly sugnificant (P {.01). Treatment and method were found 
non-significant with regards to flavor thus indicating that neither 
treatment nor method of canning had any adverse effects on flavor. It was 
apparent, however, that the use of blanched rice resulted in a higher 
quality canned product.
Since three crosslinking reagents were used in modifying the rice, 
appropriate orthogonal comparisons were made to isolate differences 
between treatments. Flavor rating was excluded in these comparisons 
because treatments were not significant with respect to flavor. F values 
for the orthogonal comparisons are given in Table X and in Table XI.
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Table X.
F Values for the Orthogonal Comparisons (Method I)
Blanched Rice Color Cohesiveness Doneness
ai vs 2, 3, 4 304.54** 307.63** 131.59**
2 vs 3, 4 53.11** 2.85 6.06*
3 vs 4 1.32 2.14 0.60
al. Parboiled control, 2. Phosphorus oxychloride, 3. 
4. Sodium trimetaphosphate
Epichlorohydrin,
**F.0i c 1 4  27 d.f. 7.68
* F # q 5  Z 1 & 27 d.f. 4.21
F Values
Table XI. 
for the Orthogonal Comparisons (Method II)
Unblanched Rice Color Cohesiveness Doneness
al vs 2, 3, 4 449.40** 963.99** 384.31**
2 vs 3, 4 50.73** 24.61** 27.42**
3 vs 4 79.09** 20.88** 3.18
al. Parboiled control, 2. Phosphorus oxychloride, 3. Epichlorohydrin, 
4. Sodium trimetaphosphate.
4>4* —
F 01 c 1 & 27 d.f. 7.68
*F 05 Z 1 & 27 d.f. 4.21
According to the first comparison in method I, Table X, all the 
modified samples were better than the controls as far as color, 
cohesiveness and doneness are concerned. Comparing samples modified 
with phosphorus oxychloride and those modified with epichlorohydrin and 
sodium trimetaphosphate, cohesiveness appears to be of less importance; 
color and doneness were found to be highly significant and significant, 
respectively. From the means in Table IX, it was obvious that phosphorus 
oxychloride modified samples were inferior to other modified samples.
No significant difference was obtained between the samples treated 
with epichlorohydrin and sodium trimetaphosphate. Figure 8a illustrates 
the differences among all the parboiled samples canned under limited 
moisture.
With the second method of canning using unblanched rice, as shown by 
the orthogonal comparisons in Table XI, highly significant differences 
were obtained in all cases except for doneness between epichlorohydrin and 
sodium trimetaphosphate treated samples. Comparing means from Table IX, 
it was evident that the modified samples were superior to the control. 
Similarly, the epichlorohydrin and sodium trimetaphosphate treated samples 
were superior to that treated with phosphorus oxychloride. While consider­
ing color and cohesiveness, epichlorohydrin treated samples appear superior 
to sodium trimetaphosphate treated samples. Figure 8b illustrates the 
differences among parboiled samples when canned under limited moisture 
without any prior cooking or blanching.
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Fig. 8a.Limited moisture canning of parboiled rice 
(Method I). 1. Parboiled control, 2. Epichlorohydrin, 
3*' Sodium trimetaphosphate, Phosphorus oxychloride
Fig. 8b. Limited moisture canning of parboiled rice 
(Method II). 1. Parboiled control, 2. Epichlorohydrin, 
3. Sodium trimetaphosphate, 4.. Phosphorus oxychloride
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Extent of Reagent Incorporation
In view of the regulations enforced by U. S. Food and Drug 
Administration the extent of reagent incorporation was determined 
in all three modifications. The crosslinking agents employed in this 
investigation are already approved by Food and Drug Administration for 
starch modifications. However, the amounts allowed for epichlorohydrin, 
phosphorus oxychloride, and residual phosphorus from sodium trimeta­
phosphate must not exceed 0.3%, 0.1%, and 0.04%, respectively (13). 
Consequently, these restrictions prevailed in modifying the rice 
samples while varying the other factors such as salt concentration, 
strength of alkali and reaction time. In the case of sodium 
trimetaphosphate the residual phosphorus was found to be 0.041 and 0.062% 
for dry pack and wet pack canning, respectively. Amount of reagents 
incorporation in white and parboiled rice are given in Table XII.
Table XII.
Reagents Contained in Crosslinked Rice 
(grams/100 grams of crosslinked rice)
Phosphorus from
Apparent











Very small amounts of crossllnklng reagents bring about 
tremendous improvements in the canning stability of rice kernels 
as illustrated in Figures 1 through 8b. But one has to appreciate 
the fact that it takes only one crosslink to double the molecular 
weight of starch. Since weakening of naturally present hydrogen 
bonds, both within and between starch molecules, is basically responsible 
for granular distortion and subsequent leaching of solids, doubling 
the molecular weight of starch by either ether or ester linkages would 
have a great influence on the overall behavior of rice kernels. It has 
been estimated that only one cross-bond for every 2500 anhydro- 
glucose units is sufficient to bring about a significant change in 
native starch (70).
From a nutritional standpoint, a number of studies have been 
conducted on the enzymatic hydrolysis of crosslinked starches (22).
Kruger (47) measured jta vitro hydrolysis of waxy maize starch and the 
same starch crosslinked with epichlorohydrin, phosphorus oxychloride, 
or a mixture of acetic and adipic anhydrides. The crosslinking 
concentrations of phosphorus oxychloride up to 0.1% resulted in 
modified starches that were 96% digestible by amyloglucosidase.
Janzen (32) found no difference in digestibility by pancreatin 
between phosphorus oxychloride crosslinked starch and a corresponding 
unmodified starch of the same source if the starches were converted to 
a paste by boiling for ten minutes before digestion. The in vitro 
hydrolysis of starch containing between 0.03% and 0.04% phosphorus 
in which there are one molecule of sodium trimetaphosphate per 620
anhydroglucose units showed no difference in the modified and 
unmodified starches when hydrolyzed by salivary amylase, pancreatin, 
and dried intestinal mucosa (intestinal amylase).
Varietal Difference
The percentage solids loss for five white varieties modified with 
epichlorohydrin are presented in Table XIII along with their 
subjective rating which was based on general appearance and 
cohesiveness. It is apparent that lowest solids loss was not 
necessarily associated with the best canning quality. The overall 
efficiency of crosslinking to improve a rice variety should be 
reflected in objective as well as subjective evaluations. In view of 
the harshness of conventional canning methods, a certain amount of 
solid leaching was probably unavoidable. Out of the five varieties 
listed in Table XIII, Bluebelle and Bluebonnet 50 would be of choice 
for commercial Incorporation in canned products.
Table XIII.
Varietal Response to Epichlorohydrin Treatment
Varieties % Solids Loss Subjective Rating % Amylose
Dawn 5.99 Good 26.5
Starbonnet 5.23 Good 25.2
Bluebelle 4.68 Excellent 24.8
Bluebonnet 50 4.64 Excellent 23.9
Toro 4.52 Poor 19.1
Percentage amylose composition was determined by iodlmetric 
method (14) to find possible correlations with the quality attributes 
of modified rice. Although there seems to be a similar trend in the 
percentages of solids lost, a general conclusion should not be drawn 
from only five varieties, especially when the subjective ratings 
lack a consistent uniformity.
X-Rav Diffraction
White Bluebelle could be crosslinked to the desired extent only 
by epichlorohydrin. Neither phosphorus oxychloride nor sodium 
trimetaphosphate could be used successfully for improving the canning 
stability of white rice. In fact, from the standpoint of general 
appearance and solids loss, the treated rice was hardly different 
from the control sample, whereas the parboiled rice was satisfactorily 
crosslinked with all three reagents. Hence the inherent difference 
between white and parboiled rice became of paramount importance 
to explain their differential behavior towards the three modifying 
reagents.
X-ray diffraction techniques were employed in order to find 
the crystallographic difference between the white rice and the 
corresponding parboiled sample. Diffractograms of white Bluebelle 
and Bluebonnet 50 along with their parboiled counterparts are 
presented in Figure 9; all four diffractograms show similar major 
peaks. The principal indexes for Bluebelle were at 20 = 15.2°,
17.2°, 18.1°, 23.4° and for Bluebonnet 50 15.2°, 17.1°, 18.1°,












P A R B O IL E D  B L U E B E L L E
WHITE BLUEBONNET 50
PARBOILED BLUEBONNET 50
DIFFRACTION ANGLE 28, DEGREES 
FIG.9. X-RAT DIFFRACTOGRAMS OF RICE STARCH FROM BLUEBELLE AND BLUEBONNET 50
interplanar distances of 5.83, 5.16, 4.90, 3.80 and 5.83, 5.19,
4.90, 3.79, 3.63 A respectively.
Diffraction Intensities at various 26 angles for both the 
varieties are given in Table XIV. The diffraction intensities for 
white Bluebelle rice ranged from 135.5 to 222.5 counts/sec., whereas 
those for parboiled Bluebelle ranged from 49.5 to 99.0 counts/sec. 
Similarly, for white Bluebonnet 50 the values ranged from 132.0 to 
210.5, and those for parboiled Bluebonnet 50 ranged from 71.0 to 
119.0. Since the magnitude of the diffraction intensity indicates 
the relative extent of the crystalline domain, it is evident that 
the parboiling process markedly reduced the extent of the crystalline 
domain naturally present in white rice.
White rice starch, with a larger crystalline domain and a more 
compact crystal lattice than those of parboiled rice starch, would 
present in rice kernels a smaller specific surface area than would 
parboiled rice starch, which is mostly amorphous in form. Consequently, 
parboiled rice, because of its larger specific surface area, would 
react more rapidly and efficiently with crosslinking reagents 
than would white rice. This explains, at least in part, why parboiled 
rice gave satisfactory responses to each of the three reagents, 
namely, epichlorohydrin, phosphorus oxychloride, and sodium 
trimetaphosphate.
White rice was not reactive to phosphorus oxychloride or sodium 
trimetaphosphate, although it gave a satisfactory response to 
epichlorohydrin. Ungelatinized crystalline starches other than white
Table XIV.
X-Ray Diffraction Intensity (Counts/Sec.) of Bluebelle & Bluebonnet 50 Rice Starches
Source of Starch 20 = 15.2° 17.2° 18.1° 23.4°
White Bluebelle 135.5 193.0 222.5 184.0
Parboiled Bluebelle 49.5 99.0 97.0 91.0
20 - 15.2° 17.1° 18.1° 23.5° 24.5°
White Bluebonnet 50 132.0 179.5 210.5 209.5 190.0
Parboiled Bluebonnet 50 71.0 110.5 119.0 110.0 81.0
rice have been reported in the literature (19, 41, 42, 43) to cross­
link successfully with phosphorus oxychloride and sodium trimetaphosphate. 
These findings suggest that two important factors influence the extent 
of crosslinking in starch: (a) the type of chemical reagent; and
(b) the form in which starch is subjected to the action of the 
reagent.
Epichlorohydrin, which reacts either with parboiled or white 
rice, evidently possesses some advantageous characteristics that are 
missing in phosphorus oxychloride and sodium trimetaphosphate, both 
of which react with parboiled rice but neither of which reacts with 
white rice.
Fig. 10. Structures and molecular weights of three crosslinking
A comparison of the molecular weights and structures, as 
indicated in Figure 10, of the three crosslinking reagents shows 
that epichlorohydrin has the smallest molecular weight and a fairly 
linear shape which would be augmented by the instability of the 
epoxide ring in the presence of alkali. Phosphorus oxychloride has 
a higher molecular weight and a nearly tetrahedral shape. Since 
the starch granules in white rice are present in a highly compact
0
NaO ^ 0
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arrangement which directly limits the depth of access of chemical 
reagents for crossllnklng within the kernel, the smaller, more 
nearly linear molecules of epichlorohydrin would be more diffusible 
into the compact white rice kernel than would the larger tetrahedral 
molecules of phosphorus oxychloride. Sodium trimetaphosphate, with 
its much higher molecular weight and complex structure, would have 
fewer opportunities for crosslinking than either epichlorhydrin or 
phosphorus oxychloride.
The stability of the reagent in the reaction mixture undoubtedly 
has some influence on the overall crosslinking efficiency. Phosphorus 
oxychloride is highly unstable in the presence of either water or 
sodium hydroxide solution, yet this reagent has been reported (19) 
to crosslink powdered starches. Compared to rice kernels, powdered 
starch would have a much larger specific surface area exposed to the 
reaction medium for crosslinking with phosphorus oxychloride before 
the latter was hydrolyzed to phosphoric acid.
Attempts in this Laboratory to crosslink white Bluebelle rice 
with phosphorus oxychloride in pyridine, in which the reagent is 
stable, were unsuccessful. Moreover, sodium trimetaphosphate, which 
is fairly stable in alkaline medium, also failed to crosslink white 
rice as desired. These findings further emphasize the importance of 
(a) the molecular size and shape of the chemical reagent with respect 
to the efficacy of the crosslinking reaction, and (b) the extent of 
specific surface area of starch exposed to the reaction medium.
The experiments with white rice Indicate that the relative 
affinities of the three reagents in a descending order are epichloro­
hydrin, phosphorus oxychloride, and sodium trimetaphosphate. In 
general, ether linkages formed by epichlorohydrin are more stable 
than the ether bonds formed by phosphorus oxychloride and sodium 
trimetaphosphate.
Conclusion
In view of the present problems involved in canning of rice, 
there is no doubt that the processes developed through this 
investigation are of tremendous importance in commercial exploitation 
of new as well as existing rice products. In the past, the fear of 
gummy and mushy rice has prevented many companies from canning rice. 
The modified rice, due to its excellent heat-moisture stability and 
superior organoleptic properties would offer a greater degree of 
freedom to the potential canner. Rice itself is a cheap commodity 
and hence the more rice per can means the less price of the 
product. Consequently, and because of the convenient nature of 
canned foods, more rice would be consumed in those places where the 
housewives want to avoid the tedious home cooking process. Low pH 
stability of epichlorohydrin treated parboiled rice offers a great 
opportunity of incorporating this cereal in tomato type products. 
However, the greatest advantage of processing modified rice is the 
complete elimination of agitation retorting equipment which because of 
its high cost has so far prevented small canners from using rice 
in their products.
At the end, one must appreciate the fact that the whole cross- 
linking operation is very simple and involves minimum expenditure.
All the reactions are at room temperature, and the ingredients, 
other than the modifying reagent, are common salt and sodium hydroxide, 
most of which can be recycled if processed on large scale.
SUMMARY
White and parboiled Bluebelle rice samples were modified in an 
alkaline medium by epichlorohydrin. The resultant kernels were 
found to be highly stable towards conventional retorting process 
under both excess liquid and limited moisture canning.
Two other crosslinking agents, phosphorus oxychloride and 
sodium trimetaphosphate, were found to be effective only with the 
parboiled samples while the white rice could not be crosslinked to 
the desired extent.
Excess Liquid Canning
The objective evaluation in excess liquid canning involved 
elongation ratio, imbibe ratio and percentage solids loss after 
initial canning and after six months storage. Epichlorohydrin 
treated white rice was found to have 4.68% solids loss while the 
white and parboiled controls samples showed 25.7 and 27.82%, 
respectively. Parboiled samples treated by epichlorohydrin, 
phosphorus oxychloride and sodium trimetaphosphate under similar 
canning procedure were found to have 6.10, 8.24 and 5.15% solids 
loss, respectively. Additional leaching during six months storage 
was between 1.27 - 3.47% in the case of crosslinked samples whereas 
the control samples showed leaching between 7.93 - 10.62%.
Test panel evaluation involving ten judges included color, 
cohesiveness, flavor and doneness. Modified samples were found
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far superior to unmodified samples with regards to the above quality 
factors. Epichlorohydrin treated rice was found to be best among 
all the modified samples from the overall quality standpoint.
Effect of neutral and acidic pH in the canning liquor studied 
with the epichlorohydrin treated parboiled rice showed that the 
samples were highly resistant to the detrimental effect of pH as 
well as time. Organoleptic properties were also well maintained even 
under acidic conditions. Thus, the crosslinked rice should have a 
high potential for its incorporation in tomato type products.
Limited Moisture Canning
Here the rice samples were crosslinked with lower amount of reagent 
because of the less severity involved in processing. Two methods, one 
with blanching and the other without blanching prior to canning, 
were employed to process the samples for subsequent organoleptic 
evaluation. Epichlorohydrin modified samples were found to be 
superior to all other samples with regards to various quality 
attributes. Blanching of rice prior to canning was also found to 
be helpful to improve the overall quality of the product.
Extent of Reagent Incorporation
Extent of reagent incorporation was determined for all the 
modified samples used in dry and wet pack canning. In the case of 
epichlorohydrin the range of incorporation was between 0.106 - 0.185 g. 
per 100 g.of rice. Incorporation of phosphorus oxychloride and sodium 
trimetaphosphate both measured as residual phosphate were found to 
be 0.018 - 0.026 and 0.041 - 0.062 g. per 100 g.of rice, respectively.
Varietal Difference
Five varieties of white rice; Dawn, Starbonnet, Bluebelle, 
Bluebonnet 50 and Toro were crosslinked with epichlorohydrin and 
evaluated for their canning quality. Bluebelle and Bluebonnet 50 
were found to have excellent canning quality. Toro, in spite of 
having the lowest percentage solids loss was rated as poor because 
of the extensive fraying of edges and ends. Apparently, solids loss 
alone is not always associated with high canning quality.
X-rav Diffraction
In order to explain the differential behavior of white and 
parboiled rice towards all the three modifying reagents, x-ray 
diffractograms of Bluebelle and Bluebonnet 50 were obtained. The 
inherent crystallographic difference between the white and 
parboiled samples was very important to assess the extent of 
modification which obviously depends on the ease of molecular diffusion 
through the crystal lattice. Parboiling was found to replace the 
crystalline domain with an amorphous region.
-Comparing molecular weight, size and shape of the three cross- 
linking agents it appears that epichlorohydrin would have the 
easiest access within the grain by diffusion, while phosphorus 
oxychloride would have a better chance compared to sodium trimeta­
phosphate. Probably this was the main reason why epichlorohydrin can 
modify both white and parboiled rice. The reason that powdered 
ungelatinized starch suspended in alkaline medium can be effectively 
crosslinked by phosphorus oxychloride and sodium trimetaphosphate may 
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APPENDIX
Table XV
Analysis of Variance for Four Sets of Hedonic Scores On Epichlorohydrin




Variation d.f. Color Cohesiveness Flavor Doneness
Total 149
Replicate 4 0.050 0.123 0.277 0.177




Judge X Treatment 18 0.842** 1.416** 0.788** 0.432**
Residual 116 0.064 0.172 0.270 0.146
**P <  0.01 




Analysis of Variance for Five Sets of Hedonic Scores On









Replicate 4 0.270 0.958 0.433 0.288 0.137
Judge 9 1.245** 1.076** 2 .101** 1.022** 1.044**
Treatment 3
**
6.098 40.673** 0.538 40.913 131.640**
Judge X Treatment 27 0.343** 0.647** 0.194 0.147 0.299






Analysis of Variance for the Effect of pH and Storage Time on the 
Percentage Solids Loss of Epichlorohydrin Modified Parboiled Rice
(Wet Pack)






Treatment X Time 1
**
23.104
Treatment X pH 1 473.069**
Time X pH 1 1.529
Treatment X Time X pH 1 0.046
Residual 32 1.536
**P < 0.01 
*P <0.05
Table XVIII.
Analysis of Variance for the Effect of pH on Epichlorohydrin Modified 





Color Cohesiveness Flavor Doneness
Total 199
Judge 9 2.727** 2.478** 4.453** 1 .102**
t
Treatment 1 55.125** 554.445** 13.520** 200.000**
pH 1 0.005 0.045 0.080 0.080
Treatment X pH 1 0.605 0.245 0.980* 0.020
Cans (Treatment X pH) 16 0.160 0.258 0.213 0.120






Analysis of Variance for the Four Sets of Hedonic Scores on





Color Cohesiveness Flavor Doneness
Total 299
Replicate 4 J 0.258 0.534 0.036 0.567
Judge 9 2.194** 1.986** 2.700** 2.349?**
Treatment 2 108.723** 205.210** 3.430 66.690**
Method 1 36.053** 52.083** 1.470 3.630
Judge X Treatment 18 1.231 1.254 1.237 0.764
Judge X Method 9 0.209 0.350 0.344 0.897
Treatment X Method 2 1.403
4<1>
10.103 0.210 2.730*
Judge X Treatment X Method 18 0.526 0.370 0.462 0.486






Analysis of Variance for the Four Sets of Hedonic Scores on





Color Cohesiveness Flavor Doneness
Total 399
Replicate 4 1.416 3.481 1.528 1.423
Judge 9 9.532** 1.690** 2.708** 5.427**
Treatment 3 34.367** 121.743** 0.989 45.870**
Method 1 15.210** 57.003** 5.063 6.760**
Judge X Method 9 0.104 0.053 0.746 0.266
Judge X Treatment 27 0.583 0.211 0.339 0.279
Treatment X Method 3 0.990** 10.116** 0.196 3.620*
Judge X Treatment X Method 27 0.121 0.299 0.213 0.266
Residual 316 0.200 0.236 0.263 0.301
























5 Underdone (Tough or rubbery)
4 Slightly underdone 
(Slightly tough or rubbery)
3 Done
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